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Prey diversity as a driver of resource partitioning between 
river- dwelling fish species



























dance,	 benthic	prey	diversity	 and	abundance,	 and	 several	 dietary	metrics	 to	 give	 a	
total	of	seventeen	potential	explanatory	variables.	First,	a	forward	stepwise	procedure	
based	on	 the	Akaike	 information	criterion	was	used	 to	select	explanatory	variables	
with	significant	effects	on	food	resource	partitioning.	Then,	linear	mixed-	effect	models	
were	constructed	using	the	selected	explanatory	variables	and	with	sampling	site	as	a	
random	 factor.	 Food	 resource	partitioning	between	 salmon	and	bullhead	 increased	
significantly	with	 increasing	prey	diversity,	and	the	variation	in	food	resource	parti-
tioning	was	best	described	by	the	model	that	included	prey	diversity	as	the	only	ex-
planatory	 variable.	 This	 study	 provides	 empirical	 support	 for	 the	 notion	 that	 prey	
diversity	is	a	key	driver	of	resource	partitioning	among	competing	species.












resource	 partitioning,	 because	 increased	 prey	 diversity	 should	
enhance	 the	 possibility	 of	 interactive	 segregation	 in	 resource	
utilization	 (Hillebrand	&	Matthiessen,	2009;	Hillebrand	&	Shurin,	
2005).	Thus,	 it	 is	pertinent	 to	ask	whether	 there	 is	a	decrease	 in	
competition	 for	 food	 among	 species	when	prey	 diversity	 is	 high.	
That	is,	does	prey	diversity	influence	competitive	interactions	and	
food	 resource	 partitioning	 between	 sympatric	 species?	 If	 prey	
diversity	 is	 high,	 sympatric	 species	 may	 be	 able	 to	 segregate	 in	
resource	 use	 and	 partitioning	 may	 occur,	 as	 predicted	 by	 niche	
theory	 (Schoener,	 1974,	 1989).	 Alternatively,	 if	 prey	 diversity	 is	
low,	sympatric	 species	may	utilize	 the	same	resources,	and	niche	
overlap	will	be	high	or	competitive	exclusion	could	occur	 (Keddy,	
2001;	 Schoener,	 1989).	 The	 potentially	 important	 relationship	
between	 prey	 diversity	 and	 dietary	 overlap	 between	 sympatric	
species	has	rarely	been	explored,	but	the	few	examples	that	exist	
from	fish	(Barili,	Agostinho,	Gomes,	&	Latin,	2011;	Targett,	1981;	
Wuellner	 et	al.,	 2011)	 and	other	vertebrates	 (Jiang,	 Feng,	 Sun,	&	
Wang,	2008;	Martin	&	Garnett,	2013;	Zapata,	Travaini,	Delibes,	&	
Martinez-	Peck,	 2005)	 indicate	 that	 increased	 prey	 diversity	 may	
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mitigate	competition	through	enhanced	resource	partitioning	(but	
see	Wuellner	 et	al.,	 2011).	 It	 should,	 however,	 be	 kept	 in	 mind	
that	variables	other	 than	prey	diversity,	 such	as	prey	abundance,	
foraging	 mode,	 diel	 patterns,	 and	 habitat	 segregation	 for	 feed-
ing,	may	also	be	major	determinants	of	food	resource	partitioning	
(e.g.,	Crow,	Closs,	Waters,	Booker,	&	Wallis,	2010;	Kronfeld-	Schor	
&	 Dayan,	 2003;	 Nakano,	 Fausch,	 &	 Kitano,	 1999;	 Sánchez-	
Hernández,	 Vieira-	Lanero,	 Servia,	 &	 Cobo,	 2011).	 Consequently,	
the	study	of	food	resource	partitioning	requires	a	framework	that	











with	 a	 preference	 for	 benthic	 invertebrates	 (Gabler	&	Amundsen,	
1999),	and	they	are	presumed	to	be	resource	competitors	because	
their	 diets	 and	 habitat	 use	 are	 similar	 even	when	 food	 resources	
are	limited	(Amundsen	&	Gabler,	2008;	Gabler	&	Amundsen,	1999,	






titioning	occurred	between	 the	 two	 species	 and	 (ii)	whether	prey	
diversity	or	any	other	of	 the	potential	explanatory	variables	could	
be	identified	as	significant	predictors	of	food	resource	partitioning.	
We	 hypothesized	 that	 food	 resource	 partitioning	 would	 increase	
with	 increasing	 prey	 diversity	 irrespective	 of	 other	 site-	specific	
characters.










provide	 grazing	 for	 semidomesticated	 reindeer.	 The	 Reisa	 basin	 in-
cludes	a	mixture	of	grass	paddocks	and	forest	[birch	(Betula pubescens 
Ehrh.)	 and	 scattered	 pine	 (Pinus sylvestris	 L.)],	with	 small	 rural	 areas	
interspersed	 in	 the	 lower	part.	Thus,	 agriculture,	 stockbreeding,	 and	
domestic	sewage	effluents	are	the	primary	but	modest	human	impacts	




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































the	 country.	 Based	 on	 previous	 knowledge	 of	 the	 study	 area	 (e.g.,	









Bergersen,	 Huru,	 &	Heggberget,	 1999;	 Amundsen	&	Gabler,	 2008;	
Amundsen,	 Gabler,	 Herfindal,	 &	 Riise,	 2000;	 Gabler	 &	 Amundsen,	
2010).	Some	of	the	study	sections	were	relatively	close	to	each	other;	
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approximately	3	km,	whereas	the	maximum	distance	apart	was	about	
10	km	between	SS5	and	SS4	(Figure	1).	We	assumed	fish	movement	
between	sampling	 sites	would	be	negligible,	 and	 the	study	sections	
were	 deemed	 independent.	Data	 from	 a	 published	 study	 (Gabler	&	
Amundsen,	1999)	with	monthly	sampling	during	the	 ice-	free	season	
were	included	in	the	analyses	to	examine	for	possible	seasonal	vari-








sites.	 Thus,	 habitat	 conditions	 among	 sampling	 sites	 were	 deemed	
similar,	but	no	specific	habitat	measurements	were	taken.
Benthic	 invertebrates	 were	 collected	 at	 each	 site	 to	 study	 the	
prey	availability.	Samples	were	collected	 immediately	after	fish	sam-
pling	 near	 to	 where	 electrofishing	 was	 conducted.	 Three	 parallel	





nymphs	and	Trichoptera	 larvae	were	 identified	 to	 species	 level,	 and	
other	taxa	to	the	genus	or	family	level.	Prey	diversity	(Hʹ)	was	calcu-
lated	as	Shannon’s	diversity	index	(Shannon	&	Weaver,	1949):
where pi	 is	 the	 proportion	 of	 species	 i	 in	 the	 benthic	 invertebrate	
samples.




site	with	 30	min	 between	 passes	 following	 the	 standardized	 proce-
dures	 described	 for	 the	 EU	Water	 Framework	 Directive	 (European	
Commission,	2000)	by	the	CEN	directive	on	fishing	with	electricity	in	
wadeable	rivers	(CEN,	2003).	However,	due	to	large	river	widths	and	
depths,	 no	 nets	were	 used	 to	 block	 the	 upstream	 and	 downstream	
boundaries.	 Fish	 sampling	was	 conducted	 in	 an	 upstream	 direction	
from	 the	 riverbank	 to	 a	water	 depth	of	 about	70	cm	over	 a	 stream	
section	of	100	m.	Each	fish	was	identified,	measured	(fork	length,	mm),	



















sites;	 see	sampling	sizes	of	each	 locality	 in	Table	1),	we	assume	that	
the	captured	 individuals	 are	 representative	of	 the	entire	population.	
Additionally,	 to	dismiss	any	possible	 impact	of	 the	unequal	sampling	
sizes,	we	generated	1,000	bootstrap	samples	(see	Section	2.3	below).





was	 estimated	 according	 to	Amundsen,	 Gabler,	 and	 Staldvik	 (1996).	
That	is,	the	sum	of	all	prey	categories	of	a	stomach	meets	the	visually	
determined	total	 fullness.	 In	mathematical	 terms,	 the	contribution	of	
each	prey	to	the	diet	is	described	as	percent	prey	abundance	(Ai):










where Pjk	 is	the	percentage	overlap	between	species	 j	and	k,	and	Aij 
and	Aik	are	the	percent	prey	abundance	of	resource	i	used	by	species	







To	 study	 individual	 dietary	 specialization,	 the	 proportional	 sim-
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vestigated	with	 linear	mixed-	effect	models	 using	 sampling	 site	 as	 a	
random	factor.	The	data	were	hierarchically	structured	with	explana-
tory	 variables	 being	 nested	within	 sampling	 sites,	 and	mixed-	effect	
models	 were	 used	 to	 account	 for	 potential	 random	 effects	 among	





variable	Y	 (here	 food	resource	partitioning)	as	a	 function	of	 the	ex-
planatory	 variables.	 The	 optimal	 fixed	 component	 was	 established	







estimation	 for	 linear	 regression	 models.	 REML	 aims	 to	 correct	 the	
estimator	 for	 the	variance,	and	as	suggested	by	Zuur,	 Ieno,	Walker,	





&	 Burnham,	 2002).	 In	 the	 present	 study	 AICc	 was	 used	 for	 model	












Prey	abundance* Macrozoobenthos	abundance	estimated	as	ind./m2 R	=	.07,	p = .831
Atlantic	salmon	
abundance*
Density	(fish/100	m2)	of	Atlantic	salmon	parr R	=	−.01,	p = .992
Alpine	bullhead	
abundance*
Density	(fish/100	m2)	of	alpine	bullhead R	=	.14,	p = .684
Brown	trout	abundance Density	(fish/100	m2)	of	brown	trout R	=	−.04,	p = .895
Arctic	charr	abundance* Density	(fish/100	m2)	of	Arctic	charr R	=	.03,	p = .934













Levins’	index	of	Atlantic	salmon	parr R	=	.32,	p = .330
Niche	breadth	(alpine	
bullhead)*













Stomach	fullness	(%)	of	Atlantic	salmon	parr R	=	.54,	p = .085
Stomach	fullness	(alpine	
bullhead)
Stomach	fullness	(%)	of	alpine	bullhead R	=	.08,	p = .818
Size	(Atlantic	salmon)* Fork	length	(mm)	of	Atlantic	salmon	parr R	=	−.50,	p = .114
















whether	 linear	mixed-	effect	models	were	 the	 same	 after	 excluding	






of	 the	model.	We	applied	a	parametric	bootstrap	 (n = 1,000)	on	the	
best	linear	mixed-	effects	model	explaining	variation	of	food	resource	






































ing	 only	 prey	 diversity	 as	 explanatory	 variable	 (AICc	=	80.1;	 Table	
S4).	Additionally,	 the	model	 remains	 the	 same	using	 bootstrapped	







Value SE t value p value
Intercept 95.02 18.64 5.096 <.001













titioning.	The	abundance	of	surface	prey	 in	 the	diet	of	 salmon	gave	





prey	 diversity	 may	 enhance	 food	 resource	 partitioning	 between	




was	observed	between	salmon	and	European	bullhead	 (Cottus gobio 

















It	 is	hypothesized	that	prey	diversity	as	 it	 relates	to	competition	
for	 food	resources	and	partitioning	could	have	an	 influence	on	seg-
regation	 and	 species	 coexistence	 in	 consumers	with	 similar	 trophic	
niche	requirements.	Theoretical	considerations	that	address	relation-
ships	 between	 dietary	 overlap,	 competition,	 and	 coexistence	 posit	
that	 competition	 forces	 sympatric	 species	 to	 diverge	 and	 segregate	
in	 resource	use	 (Schoener,	1974,	1989),	 the	weaker	species	may	be	
excluded	(e.g.,	Eloranta,	Knudsen,	&	Amundsen,	2013;	Nakano	et	al.,	
1999;	Schoener,	1989),	or	ecologically	similar	sympatric	species	may	
converge	 and	 overlap	 in	 resource	 use	 (e.g.,	 Cucherousset,	 Aymes,	
Santoul,	 &	 Céréghino,	 2007;	 Keddy,	 2001;	 Paterson	 et	al.,	 2014;	
Wiens,	 1993).	 These	 are	 seemingly	 contradictory	 standpoints.	 The	
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in	either	high	and	low	dietary	overlap	between	sympatric	consumers	
depending	on	prey	diversity.	 If	prey	diversity	 is	high,	 the	competing	
species	may	segregate	in	resource	use	by	specialization,	for	example,	
exploitation	of	Glossosoma intermedium	 (Klapalek	1892)	 by	bullhead	
and	use	of	surface	prey	and	Apatania stigmatella	(Zetterstedt	1840)	by	









(Figure	4).	This	 complies	with	 a	 situation	 that	 leads	 to	 a	 theoretical	
prediction	that	competition	will	result	in	high	niche	overlap	if	the	spe-
cies	are	symmetrical	in	their	competitive	abilities	(Ågren	&	Fagerstrøm,	
1984;	Gilbert,	 2012;	 Keddy,	 2001),	 or	 if	 competition	 is	 very	 strong	









able	 in	 the	 forward	stepwise	procedure,	other	explanatory	variables	
were	 more	 influential	 (see	 Table	2).	 In	 this	 regard,	 fish	 abundance	






food	 resource	 partitioning	 (see	 models	 including	 fish	 abundance	 in	
Table	S3).	For	example,	Barili	et	al.	(2011)	reported	that	high	fish	abun-
dance	 and	diversity	 can	promote	 trophic	 specialization	 in	 sympatric	
species,	 thereby	 enhancing	 food	 resource	 partitioning,	 and	 density-	
dependent	 foraging	behavior	may	occur	when	 resources	 are	 limited	
(Sánchez-	Hernández	&	 Cobo,	 2013).	 Noteworthy,	 our	 interferences	





Our	 study	 revealed	 that	 surface	 prey	 were	 strongly	 repre-
sented	in	the	diet	of	salmon	at	sites	where	dietary	overlap	between	
salmon	 and	 bullhead	was	 lowest,	 suggesting	 that	 surface	 feeding	
may	 be	 a	 contributing	 factor	 that	 drives	 food	 resource	 partition-
ing	 between	 stream-	dwelling	 fish	 species	 (see,	 e.g.,	Dineen	 et	al.,	
2007;	 Sánchez-	Hernández,	 Gabler,	 &	Amundsen,	 2016;	 Sánchez-	
Hernández,	Servia,	Vieira-	Lanero,	&	Cobo,	2013).	Although	salmon	


















partitioning	 between	 sympatric	 species	 (e.g.,	 Crow	 et	al.,	 2010;	
Kronfeld-	Schor	 &	Dayan,	 2003;	 Sánchez-	Hernández	 et	al.,	 2011).	




prey	 diversity	 is	 the	main	 driver	 of	 resource	 partitioning	 in	 these	
two	species.	Still,	the	capacity	to	forage	at	the	water	surface	(sur-














ing	 field	 work.	We	 appreciate	 constructive	 comments	 from	Dr.	M.	
Jobling,	which	considerably	 improved	the	quality	of	the	manuscript.	
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